We present the first optical spectroscopy of five confirmed (or strong candidate) redback millisecond pulsar binaries, obtaining complete radial velocity curves for each companion star. The properties of these millisecond pulsar binaries with low-mass, hydrogen-rich companions are discussed in the context of the 14 confirmed and 10 candidate field redbacks. We find that the neutron stars in redbacks have a median mass of 1.78 ± 0.09M with a dispersion of σ = 0.21 ± 0.09. Neutron stars with masses in excess of 2M are consistent with, but not firmly demanded by, current observations. Redback companions have median masses of 0.36 ± 0.04M with a scatter of σ = 0.15 ± 0.04M , and a tail possibly extending up to 0.7-0.9M . Candidate redbacks tend to have higher companion masses than confirmed redbacks, suggesting a possible selection bias against the detection of radio pulsations in these more massive candidate systems. The distribution of companion masses between redbacks and the less massive black widows continues to be strongly bimodal, which is an important constraint on evolutionary models for these systems. Among redbacks, the median efficiency of converting the pulsar spindown energy to γ-ray luminosity is ∼ 10%.
INTRODUCTION
Redbacks are millisecond pulsar binaries with low-mass ( 1M ), hydrogen-rich companions (Roberts 2013) . They are typically distinguished from the even lower mass black widows (with M c 0.05M ) by having companion masses 0.1M . Redbacks provide important tests of the physics of neutron star formation and the recycling of millisecond pulsars. They are often difficult to detect as radio pulsars with timing observations, due to eclipses associated with material from the companions. Their discovery in substantial numbers has been facilitated by the Fermi Large Area Telescope (LAT), since the γ-ray emission, thought to come from the millisecond pulsar, is not affected by similar selection biases (e.g., Ray et al. 2012) . Two field redbacks (PSR J1023+0038 and XSS J12270-4859) also belong to the unusual class of transitional millisecond pulsars, switching between distinct states of accretion-powered and rotation-powered emission on timescales of weeks to years (Archibald et al. 2009; Bassa et al. 2014; Roy et al. 2015) .
Optical observations of individual redbacks provide important constraints on the component masses, inclination, and distance of each binary. This paper presents optical spectroscopy of four redbacks confirmed as pulsars: PSR J1048+2339 (Deneva et al. 2016; Cromartie et al. 2016) , PSR J1431-4715 (Bates et al. 2015) , PSR J1622-0315 (Sanpa-Arsa 2016), PSR J1628-3205 (Ray et al. 2012; Li et al. 2014 ). We also include one candidate redback, 3FGL J2039.6-5618 (Salvetti et al. 2015) . In the latter case we show the optical binary likely contains a neutron star and hence is almost certainly associated with the γ-ray source, making it a probable redback.
We then discuss the properties of these five systems in the context of other redbacks. As of the end of 2018, 24 systems in the field are confirmed or good candidates for being redbacks (see §4 for a compilation of these sources). Of these, 18 (75% of the total) were discovered through follow-up of previously unassociated Fermi -LAT GeV γ-ray sources. Nearly half of the redback discoveries (11 of 24) have been published since 2016, showing that the pace of discovery is not slowing.
DATA
For this study, we selected confirmed or candidate redback systems that did not yet have optical spectroscopy and which were observable from the SOAR telescope in Chile.
Additional data were also obtained for other systems and are being presented in full elsewhere (PSR J1306-40, Swihart et al., in preparation; 3FGL J0954.8-3948, Li et al. 2018) , though their basic orbital properties are used in §4 below.
The spectroscopic observations were all made using the Goodman Spectrograph (Clemens et al. 2004 ) on the SOAR telescope. Good spectra were obtained for a minarXiv:1812.04626v2 [astro-ph.HE] 27 Jan 2019 imum of 13 epochs (PSR J1048+2339) to a maximum of 44 epochs (3FGL J2039.6-5618). Individual exposure times ranged from 10-25 min per spectrum, depending on the prevailing conditions and the brightness of the optical source (which ranged from V ∼ 17.5 to V > 20 mag). Most observations were made with a 400 l mm −1 grating and a 0.95 slit, yielding a full-width at half maximum (FWHM) resolution around 5.6Å. Observations prior to late 2016 all used the Goodman "blue" camera, with a typical wavelength coverage of ∼ 3400-7000 A using the 400 l mm −1 grating. Most data since that time used the Goodman "red" camera, with typical wavelength coverage of ∼ 3800-7800Å (for 3FGL J2039-5618, this was ∼ 4800-8800Å). Owing to its higher optical flux, for PSR J1431-4715 we were able to use a 1200 l mm −1 grating, giving a resolution of about 2.1Å over 5500-6730Å. Wavelength calibration was accomplished using FeAr arcs taken every 30-60 min during the night, with small zeropoint corrections made using night sky lines.
All spectra were reduced and optimally extracted in the standard way. Radial velocities were determined by cross-correlation with bright standards taken with the same setup. The region used for the cross-correlation varied by target. For PSR J1622-0315, PSR J1628-3205, and 3FGL J2039.6-5618, we mostly used the region around the Mgb triplet, though for some spectra with lower signal in the bluer region, we used the featurerich region from 6050 to 6250Å. The optical counterpart of PSR J1048+2339 is cooler, with broad molecular bands, so we used a wider wavelength region for cross-correlation. The counterpart of PSR J1431-4715 has weak metal lines and so we used the strong Hα absorption line; for a few spectra where metal-line velocities were also measurable, the metal-line and Balmer velocities were consistent. Additional discussion of the spectra themselves can be found in §3.6.
All velocities were corrected to the Solar System barycenter and associated with Modified Barycentric Julian Dates (MBJD, BJD -2400000.5) on the TDB system (Eastman et al. 2010) . The velocities are given in Tables  1-5 .
RESULTS AND ANALYSIS
We fit circular Keplerian models to the radial velocities derived in §2 using rvfit (Iglesias-Marzoa et al. 2015) . For each system, excepting 3FGL J2039.6-5618 (see §3.5), significant eccentricity is rejected by the pulsar observations or not preferred by the optical data. In the absence of additional constraints, the circular model has four free parameters: period P , epoch of the ascending node T 0 , secondary semi-amplitude K 2 , and systemic velocity γ. For the confirmed pulsars a subset of these parameters (typically P and often T 0 ) are known, leaving fewer free parameters than four. In all cases the uncertainties in the fits were derived through bootstrapping.
The measurement of P and K 2 immediately allows the calculation of the mass function f (M ) = P K 3 2 /(2πG) = M 1 (sin i) 3 /(1 + q) 2 for gravitational constant G, inclination angle i, and mass ratio q = M 1 /M 2 = M c /M N S . For systems with pulsar timing, the combination of the pulsar and companion mass functions give a direct measure- ment of q. The final and most uncertain quantity needed to solve the system is the inclination, for which constraints of variable accuracy and precision can be available from optical light curve fitting. Light curve data have already been published for some of our systems, and we present new data or analysis for PSR J1431-4715 and 3FGL J2039.6-5618.
In the following discussion, when no other constraints are available, we assume the neutron star primary is in the mass range 1.4-2.0 M , consistent with most known millisecond pulsars with precise measurements (e.g., Lattimer 2012; Özel & Freire 2016; Antoniadis et al. 2016) . Some recycled neutron stars might fall slightly below (e.g., Fonseca et al. 2016 ) or above (e.g., van Kerkwijk et al. 2011 Linares et al. 2018) this range, but this would not change any of the conclusions for which this assumption is relevant. Additional discussion about the redback neutron star mass distribution can be found in §4.3.
Figures 1-5 show the circular Keplerian fits to the SOAR/Goodman barycentric radial velocities listed in Tables 1-5 for each redback. A description of the results presented in these figures can be found in the respective subsections below.
PSR J1048+2339
This pulsar was discovered in an Arecibo search of unassociated Fermi -LAT sources by Cromartie et al. (2016) . Since the pulsar ephemerides for this source have been published by Deneva et al. (2016) , the only free parameters in our fit are K 2 and γ. We find K 2 = 376(14) km s −1 and γ = −24(8) km s −1 , where the numbers in parenthesis represent the 1σ uncertainty in the last 1 or 2 digits. A fit with these median values has a χ 2 /d.o.f. of 14/11 (Figure 1 ). The reduced χ 2 is > 1 largely due to a single outlying measurement. The mass function f (M ) = 1.37(15)M . Combined with the companion mass function from Deneva et al. (2016) , we find q = 0.194(7). Remarkably, this implies that the minimum mass of the neutron star is M N S = 1.96(22)M , and hence the orbit must be very close to edge-on, unless the neutron star has a mass much larger than 2M . For M N S = 1.96(22)M , the companion mass M c = 0.38(4)M (note that all mass estimates are collected in Table 7) .
We note that if the single outlying velocity measurement is removed and the analysis repeated, then K 2 = 363(11) km s −1 and the minimum neutron star mass is M N S = 1.76(17)M . Since these values are within the uncertainties of the original estimates, and there is no unambiguous justification for removing a velocity datum, we use the results of the initial analysis for the remainder of the paper. Additional radial velocity measurements of the companion to PSR J1048+2339 would be extremely valuable to improve the precision of the neutron star mass constraint.
Despite the likely near edge-on orbit, there is no evidence for total X-ray eclipses in the Chandra X-ray light curves presented by Cho et al. (2018) , although they do observe a broad minimum centered around φ = 0.25 (when the companion is in front of the neutron star). This indicates that the X-rays are not produced only in the immediate vicinity of the pulsar, but are being emitted from a larger region that is never fully eclipsed along our line of sight. Cho et al. (2018) suggest that the X-rays could be produced in a shock that wraps around the pulsar, an idea also discussed in the literature for other black widows and redbacks (e.g., Romani & Sanchez 2016; Wadiasingh et al. 2017 ).
3.2. PSR J1431-4715 PSR J1431-4715 was discovered by the High Time Resolution Universe Pulsar Survey (Bates et al. 2015 ) and as such is one of the few redbacks discovered independently of Fermi ; the source is not present in the 4-year 3FGL catalog (Acero et al. 2015 ), but has a likely asso- ciation in the preliminary 8-year Fermi -LAT catalog 12 . We use P and T 0 from the pulsar timing paper of Bates et al. (2015) and fit only K 2 and γ. We find K 2 = 278(3) km s −1 and γ = −91(2). The circular fit has a χ 2 /d.o.f. of 10/14 (Figure 2) , with a low rms of 5.6 km s −1 , suggesting an excellent model fit. The optical spectra give f (M ) = 1.00(3)M , and also q = 0.096(1) when combined with the pulsar timing data. For a 1.4M primary we find that i = 72(2)
• , while a 2.0M primary implies i = 58(1)
• . For this neutron star mass range, the companion mass lies in the range 0.13-0.19M .
Optical Light Curve Modeling
We also obtained optical BV I photometry of this system with ANDICAM on the SMARTS 1.3-m telescope at CTIO in early 2018. These data are given in Table 6. When folded on the known ephemerides, the most obvious feature of the these light curves is double peaked ellipsoidal variations, but modified such that the "day" side of the companion (φ=0.75) is brighter than the "night" side, consistent with heating of the secondary from the pulsar or perhaps an intrabinary shock (e.g., Cho et al. 2018) .
Using the pulsar ephemerides and our optical spectroscopic constraints, we modeled these data using ELC (Orosz & Hauschildt 2000) in the same way as for 3FGL J2039.6-5618 (see §3.5.1). We assume a mean intensityweighted secondary surface T eff = 6500 K (consistent with spectroscopy) and fit for the inclination i, the Roche lobe filling factor f 2 , a phase shift ∆φ, and level of irradiation heating. We assume foreground reddening from Schlafly & Finkbeiner (2011) 
In all our best-fitting models, we find the day side of the secondary is heated to an effective temperature ∼130-200 K hotter than the night side. Additionally, a small phase shift of ∆φ ∼ -0.005 (equivalent to ∼ 3.2 min) is required to fit the light curves. This detail can be seen most clearly around φ=1.0, where the light curves peak slightly prior to that expected from simple ellipsoidal modulations. Such offsets are not unusual among redbacks (see also §3.5.1).
Unfortunately, while the overall scale of the binary system is well-constrained, our light curve modeling suggests the star is far from filling its Roche lobe (with a filling factor from ∼ 0.64 to 0.76), and hence no useful constraints on the inclination or masses of the components are possible. For example, models that have f 2 = 0.64 and i = 83
• (implying M N S = 1.23M ) give fits of identical quality to models with f 2 = 0.76 and i = 53
• (for which M N S = 2.33M ). We show the high-inclination model fit to the data in Figure 3 , but emphasize that model fits for essentially any reasonable neutron star mass would be of identical quality.
The companion to PSR J1431-4715 is bright enough that a precise Gaia parallax measurement may be possible in a future Gaia data release. This would give an independent constraint on the radius of the secondary and hence help break the degeneracy between inclination and filling factor.
PSR J1622-0315
Sanpa-Arsa (2016) discuss an initial timing solution of the redback PSR J1622-0315, which was discovered in a Green Bank Telescope search of Fermi -LAT unassociated sources. We adopt their orbital period of 0.1617006798(6) d. For a circular model, we fit T 0 , K 2 , and γ. We find a best-fit model of T 0 = 58160.3522(4) d (MBJD), K 2 = 423(8) km s −1 , and γ = −135(6) km s −1 . This fit has a χ 2 /d.o.f. of 15/11 ( Figure 4 ) and an rms of 18 km s −1 . The orbital measurements give f (M ) = 1.27(7)M , consistent with a relatively edge-on orientation. Bringing in the pulsar projected semi-major axis, we find q = 0.070(1). This implies a minimum MSP mass of 1.45(8)M for an edge-on orbit. If instead we assume the MSP mass is 2.0M , the inclination i = 64(2)
• . The secondary has a relatively low mass for a redback, 0.10-0.14 M . 3.4. PSR J1628-3205 PSR J1628-3205 was discovered by the Green Bank Telescope in a radio pulsation search of unassociated Fermi γ-ray sources (Ray et al. 2012) . Li et al. (2014) identified the V ∼ 20 optical counterpart to the pulsar, and their photometry showed both ellipsoidal variations and evidence for variable heating.
For the orbital fit, P and T 0 were fixed to the pulsar ephemerides (Cho et al. 2018) , leaving only K 2 and γ to be fit. We find K 2 = 358(10) km s −1 and γ = −4(7) km s −1 . These values give a fit with an rms of 20 km s −1 and a χ 2 /d.o.f. of 11/15 ( Figure 5 ). The optical orbital elements imply f (M ) = 0.99(8)M . Since PSR J1628-3205 has its projected semi-major axis a sin i measured, our K 2 value immediately gives the mass ratio q = 0.120(3). For an assumed M N S = 1.4M , i = 74(6)
• , and for M N S = 2.0M , i = 59(3)
• . For this range of neutron star masses, the secondary must be in the mass range 0.17-0.24 M . These inclination constraints are in the general range of the values inferred from the light curve fitting in Li et al. (2014) . Improved light curve fits could allow stronger constraints on the inclination and hence on the mass of the binary components.
3.5. 3FGL J2039.6-5618 Since no pulsar has yet been detected in this candidate redback, it is worth discussing the background for this binary. Salvetti et al. (2015) and Romani (2015) used X-ray and optical observations of the Fermi -LAT error ellipse of the source to identify a likely counterpart: they found an object that was the brightest X-ray source in XMM-Newton data covering the 3FGL Fermi error ellipse. Furthermore, this source showed X-ray and optical variability with the same 0.23 d period, consistent with the expected properties of a compact binary. We note that in the preliminary 8-year Fermi -LAT cat- 13 , soon to be superseded by the official 4FGL catalog, this X-ray source is close to the center (0.23 ) of the ∼ 1.3 radius 95% Fermi -LAT error ellipse, consistent with the proposed association.
Since no pulsar has yet been detected in this system, a circular Keplerian model has four free parameters: P , T 0 , γ, and K 2 . We find P = 0.2279817(7) d, T 0 = 57604.01487(66) d, γ = 6(3) km s −1 , K 2 = 324(5) km s −1 . The orbital period is consistent with, but more precise than, the value found by Salvetti et al. (2015) . This orbital fit has an rms of 26 km s −1 and a χ 2 /d.o.f. of 61/40 (Figure 6 ), suggesting the possibility that the model does not fully explain the data.
In black widow systems, an offset between the center of mass and center of light has been observed due to heating of the secondary by high-energy emission associated with the primary (e.g., van Kerkwijk et al. 2011) . For redback systems, this effect should be much smaller, but one might still observe a difference between the K 2 for the entire data set and the fit for the night (φ = 0.05 to 0.45) side of the secondary, which is less affected by heating than the day side. A fit to these 18 night side velocities gives K 2 = 327 km s −1 , in excellent agreement with the fit to all phases. Hence, at least on the basis of this test, there is no clear evidence that heating affects the measured velocities.
The other piece of evidence for only mild heating is the spectra themselves, which show only modest spectral variations as a function of phase. Generally the spectra are consistent with a mid-G type classification, perhaps as warm as G3 when the "day" side of the star is visible (φ = 0.75) and as cool as G9 when the "night" side is observed (φ = 0.25). These variations only appear to be ∼ ±200 K from the values at quadrature.
A separate possibility to explain the sub-optimal circular fit is an eccentric orbit, which, unlike for the other 13 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/) redbacks, cannot yet be constrained by timing a detected radio pulsar. We repeated the radial velocity fits, dropping the assumption of a circular orbit. We found an eccentricity e = 0.046(15) but essentially identical values for P , K 2 , and γ. This fit has an improved χ 2 /d.o.f. of 49/38 and an rms of 23 km s −1 . It is worth emphasizing that substantial eccentricity is not expected for redbacks with short periods. In particular, for 3FGL J2039.6-5618, the tidal circularization timescale is only ∼ 10 3 yr (Zahn 1977) , though some evidence for eccentricity has been found for candidate redbacks with short orbital periods (Strader et al. 2014) . Given the short circularization timescale for 3FGL J2039.6-5618, it seems likely that the apparent eccentricity is false, and is due to an error in a subset of the radial velocities or to non-standard heating that is present outside of the expected phases. A more exotic possibility is that the system is or was a triple, as has been proposed for the origin of unusual eccentric pulsar binaries such as PSR J1903+0327 (Champion et al. 2008) . In any case, the orbit could be much better constrained if the likely neutron star primary were detected as a pulsar in the future.
Assuming the circular fit, we find a mass function f (M ) = 0.80(4)M . If we assume the primary is a neutron star, then M 1 is likely in the range 1.4 to 2.0 M . The measured mass function and the assumed range of M 1 implies i 48
• , but better constraints come from the light curve fitting below.
3.5.1. Optical Light Curve Modeling Salvetti et al. (2015) obtained multi-filter photometry for 3FGL J2039.6-5618 in griz using the GROND instrument on the 2.2-m MPG/ESO telescope, and used these data to show the properties were consistent with the secondary of a compact binary. Here we use these same photometric data, combined with our new measurements of the binary properties, in new light curve modeling to obtain improved constraints on the inclination and component masses.
As discussed by Salvetti et al. (2015) , the optical light curves of 3FGL J2039.6-5618 are clearly double-peaked, suggesting that ellipsoidal variations dominate over possible heating from the pulsar. However, the amplitudes of the two peaks at quadrature are asymmetric, and the light curve minimum at inferior conjunction of the primary (φ = 0.75) is brighter than at superior conjunction, indicating that a more complex model is necessary. Here we show that the light curves can be well-reproduced by adding starspots to an underlying model of a tidally deformed secondary ( Figure 7 ).
In detail, we modeled the system using ELC (Orosz & Hauschildt 2000) to fit the GROND light curves in all four bandpasses, following similar procedures as detailed in Swihart et al. (2017) . The fits used the hammerELC optimizer, a Markov Chain Monte Carlo (MCMC) method based on emcee (Foreman-Mackey et al. 2013) . We assumed as constraints the values of P and K 2 determined from the optical spectroscopy. We also assumed a circular orbit, as well as a mean intensity-weighted secondary surface T eff = 5600 K, as suggested by the spectroscopy (the results are insensitive to modest changes in these values). We fit for free parameters i and q, the sec- . ELC model fits to the griz photometry for 3FGL J2039.6-5618 (Salvetti et al. 2015) , as described in Section 3.5.1.
ondary Roche lobe filling factor f 2 , a phase shift ∆φ, and a central irradiating luminosity. We also allowed for the presence of circular starspots, each with a temperature profile that changes linearly towards the spot edges, and varying a location, size, and mean T eff . We assume foreground reddening from Schlafly & Finkbeiner (2011) of E(B − V ) = 0.05.
We find that the light curves are best fit with two large starspots, separated by about 120
• of longitude. Our best-fitting model appears to be an excellent representation of the data, but has a formal χ 2 /d.o.f. = 425/196. Hence we also ran fits with the photometric uncertainties scaled by a constant factor such that χ 2 /d.o.f. = 1. In both cases the median posterior parameter values are essentially identical, but in the latter case the uncertainties are larger. To be conservative, we cite the results from the latter fits.
We find a best-fitting i = 57.4 −0.12 M . The M 1 value suggests a massive neutron star, consistent with the interpretation of the binary as a redback. We also find f 2 = 0.95
−0.01 , suggesting that the secondary is close to filling its Roche lobe. We also find a small but significant ∆φ = 0.033(2), which corresponds to about a 10.8 min offset between the light curve and the radial velocity curve. Such offsets have been observed in other redbacks (e.g., Li et al 2014) , and have been interpreted alternatively as being due to starspots, or due to an offset intrabinary shock. In this best-fit model there is no significant irradiation.
The starspots are both cool (T spot1 = 4700 ± 140; T spot2 = 4120 +990 −340 K) and of approximately equal size (r spot1 = 29 ± 3
• ; r spot2 = 29 ± 4 • ). In azimuth they are located at θ spot1 = 264±5
• and θ spot2 = 148±15
• , where a value of 180
• corresponds to the night side of the star. As in Strader et al. (2016) and Swihart et al. (2017) , we can also estimate the distance to the binary through the normalization of the model light curves compared to the observed source fluxes. We find a distance of 3.4(4) kpc. The individual photometric filters are consistent with a single distance at the < 1% level, suggesting a physically self-consistent fit to the entire data set.
Model fits with a single starspot or no starspots, for any value of the irradiation or mass ratio, all give much worse fits than the above two starspot fit. The best alternative model is one with a single starspot and somewhat higher irradiation. This model has χ 2 /d.o.f. = 455/199 (original uncertainties) or 210/199 (scaled uncertainties), substantially larger than the two starspot fit with negligible irradiation. Hence, we take the two starspot model as the best current model of the system.
Optical Spectra and Emission Lines
Optical emission lines can provide evidence for an accretion disk, stellar winds, or material ablated from the companion by the pulsar wind. For PSR J1431-4715, PSR J1622-0315, and 3FGL J2039.6-5618, we found no evidence for emission lines at any phase or epoch of our data.
For PSR J1628-3205, Hα is detected in absorption at some epochs (2016 Aug 20) and in emission at other epochs (2015 May 16; 2016 Aug 2), but in general it is not apparent, perhaps because it is partially filled in. There is no clear relationship between the presence of Hα emission and the orbital phase. The emission, when present, appears to have a velocity consistent with that of the absorption lines. The emission also does not appear to be measurably broadened or double-peaked. The Hα emission is likely to be associated with the companion, either directly from its chromosphere, formed in a wind, or perhaps in an intrabinary shock close to the secondary.
However, the SOAR optical spectra for PSR J1048+2339 show perhaps the most extreme emission variations yet observed for any redback. On two different observing nights, 2018 Mar 25 (coverage from φ ∼ 0.3-0.5) and 2018 Apr 15 (φ ∼ 0.05-0.25), we observe strong, broad emission lines. In some cases the emission lines appear double-peaked and in other epochs only a single component is clearly present. Figure 8 shows an example of one of these spectra, along with spectra of the other sources in our study for reference. In this standard phase convention, at φ = 0.25, the companion is in front of the neutron star along our line of sight. In the epochs where it is most prominent, the extent of the emission ranges from spectra showing only Hα to spectra with emission lines from the full Balmer series and He I at 5876Å. The FWHM of the Hα emission ranges from ∼ 1200 to 2400 km s −1 , and changes substantially on timescales of minutes. By contrast, in data taken on 2018 Feb 22 (φ = 0.67-0.87), when the companion was behind the neutron star, no Balmer emission is apparent in any line (no absorption is observed either, due perhaps to the modest S/N of the spectra or because of infill). Unfortunately, our relatively small collection of observations makes us unable to distinguish between orbital and synoptic variations in the emission.
We associate the broad and sometimes double-peaked emission lines with material driven off the companion by the pulsar wind, with perhaps an additional contribution from a shock between the companion and the pulsar. Our reasoning is that the emission features change in both strength and width on short timescales ( 20 min), and are not associated with a warm blue continuum as would be expected for an accretion disk. Similar (albeit less extreme) emission features have been observed in the redback/huntsman systems PSR J1740-5340A (in the globular cluster NGC 6397; Sabbi et al. 2003) , 3FGL J0838.8-2829 (Halpern et al. 2017b ), 1FGL J1417.7-4407 (Strader et al. 2015; Swihart et al. 2018) and in the black widow PSR J1311-3430 (Romani et al. 2015a) .
Such emission features are not observed in all redbacks, and the circumstances in which they appear deserve further study. PSR J1048+2339, which shows the most extreme emission variations, is a typical redback in its mass ratio, orbital period, and even the spindown luminosity of the pulsar (Table 7) . It may be noteworthy that Cho et al. (2018) use optical light curves to show that the companion of PSR J1048+2339 has undergone repeated episodes of strong, variable heating. It would be beneficial to coordinate optical photometry and spectroscopy to study the connection between the appearance of heating in optical photometry and the emission features in PSR J1048+2339 and other redbacks.
DEMOGRAPHICS OF REDBACK MILLISECOND PULSARS

Defining the Redback Sample
To properly contextualize the properties of the redbacks that are the subject of this paper, we compiled the available properties of known and candidate redbacks in the Galactic field in Table 7 . We divide the sample as follows. Confirmed redbacks are those with a detected millisecond pulsar and a hydrogen-rich companion with a minimum mass of at least 0.1M . There are fourteen such systems. Of these, 1FGL J1417.7-4407 (associated with PSR J1417-4402) has an evolved red giant companion (Strader et al. 2015; Camilo et al. 2016 ), and we have suggested that this binary be classified as a "huntsman" rather than a redback, owing to its much longer orbital period, larger secondary, and differing evolutionary fate: unlike typical redbacks, 1FGL J1417.7-4407 is likely to evolve into a typical millisecond pulsar-He white dwarf binary.
We also include in the "confirmed" category PSR J1306-40, identified as a candidate redback by Keane et al. (2018) and Linares (2018) on the basis of the minimum companion mass and a variable optical and Xray counterpart. A forthcoming paper presents spectroscopic confirmation that this system is a redback, with a hydrogen-rich, subgiant-like companion with a minimum mass of 0.49(8)M (Swihart et al., in prep.) . Pending refined ephemerides from pulsar timing and a more detailed study of its evolution, we leave it in the redback basket at present, but PSR J1306-40 may well be better classified as a huntsman-type system in the future.
To these 13 confirmed redbacks and 1 huntsman-type system, we add 10 candidate redbacks. Two of these contain confirmed pulsars: PSR J1908+2105 and PSR J1302-3258. For PSR J1908+2105, its minimum companion mass of 0.06M would normally lead to a black widow classification, but Cromartie et al. (2016) argue that most black widows have lower masses, and that the extensive radio eclipses observed in this system are more characteristic of redbacks. Optical photometry and spectroscopy of the faint secondary would allow improved constraints on the secondary mass and an appropriate classification of the binary. PSR J1302-3258 has a minimum companion mass of 0.15M (Hessels et al. 2011 ), but no optical companion has yet been identified, and no evidence of extensive radio eclipses has yet been published.
The remaining 8 candidates were all discovered through optical and/or X-ray follow-up of Fermi -LAT error ellipses of unassociated γ-ray sources. In all but one case there is an optical source matching the position of an X-ray source in or near the γ-ray error ellipses, and all 8 systems have follow-up optical photometry and spectroscopy. In 6 of these systems, the properties of the optical source strongly suggest it is the secondary in a binary with a radio millisecond pulsar. Five would be classified as redbacks (3FGL J0212.1+5320, 1FGL J0523.5-2529 , Strader et al. 2014 3FGL J0838.8-2829 , Halpern et al. 2017b 1FGL J0955.2-3949, Li et al. 2018; 3FGL J2039.6-5618, Salvetti et al. 2015 and this paper) . The other is a candidate huntsman with an 8.13 d orbital period (2FGL J0846.0+2820; Swihart et al. 2017) .
The final two sources (3FGL J1544.6-1125 and 3FGL J0427.9-6704) show compelling evidence for being lowmass X-ray binaries with ongoing accretion onto a recycled neutron star (Bogdanov & Halpern 2015; Strader et al. 2016) , and X-ray and γ-ray properties that resemble, at least in some respects, the transitional millisecond pulsars PSR J1023+0038 and XSS J12270-4859 in their sub-luminous disk states (Stappers et al. 2014; de Martino et al. 2013) .
There are other systems that have been proposed as possible redbacks, but for which the weight of the evidence currently suggests they are better classified as black widow systems, such as 2FGL J1653.6-0159 (Romani et al. 2014; Kong et al. 2014 ). These are not included at present, but could be reclassified with future data. There are many remaining unassociated Fermi -LAT sources whose properties are consistent with being millisecond pulsars (e.g., Saz Parkinson et al. 2016; Salvetti et al. 2017; Frail et al. 2018) ; undoubtedly, with follow-up observations, some of these will turn out to be redbacks.
A Compilation of Redback Properties
Measured Properties
For all but one system (PSR J1302-3258), previous work on the position of a radio pulsar or optical/X-ray source associated with each system allows the clear identification of a Gaia DR2 source (Gaia Collaboration et al. 2018; Gaia Collaboration et al. 2016) . We adopt the Gaia positions for all these sources. In Table 7 we also list the measured parallax values ( ), proper motions (µ α cos δ; µ δ ), and mean G magnitudes, all taken from Gaia DR2. Given the preliminary state of Gaia astrometry, we have given all these positions a minimum uncertainty of 1 mas per coordinate. Since no precise position for PSR J1302-3258 has yet been published, the position we give is of the brightest Chandra X-ray source from v. 2.0 of the Chandra Source Catalog (Evans et al. 2010) in the 8-year Fermi -LAT error ellipse (radius ∼ 1.5 ), 2CXO J130225.5-325837. As such, this position should be taken as preliminary.
The detected millisecond pulsars have typical pulsar parameters listed in Table 7 , including the spin period, P where available, projected semi-major axis in lightseconds, and dispersion measure.
Compiling distances is important but challenging. The only truly accurate and precise distance is the radio parallax distance for PSR J1023+0038 (Deller et al. 2012) . Jennings et al. (2018) use a pulsar-based distance prior, in combination with Gaia DR2 parallax measurements, to determine distances for seven of the confirmed redbacks. Since Jennings et al. (2018) did not include candidate redbacks in their paper, for those with significant (uncertainty < 40%) parallax measurements, we calculate distances using a simple scale length prior of 1.35 kpc, as suggested by Astraatmadja & Bailer-Jones (2016) . We list all these parallax distances in Table 7 (except for PSR J1023+0038), and generally find that they are consistent with, but often less precise than, the distances from optical light curve fitting. For now we use the optical light curve/spectroscopy distances in most cases, but recognize the need to revisit and compare optical light curve and dispersion measure-based distances after future Gaia data releases.
There are three exceptions to these guidelines, all among the brightest sources in the sample. 3FGL J0212.1+5320 and PSR J1723-2837 both have precise (∼ 5%) parallax distances from Gaia that we use. 1FGL J0523.5-2529 has a ∼ 10% precision Gaia parallax distance (2.20 +0.28 −0.22 kpc) that is larger than the optical distance of 1.1(3) kpc (Strader et al. 2014) . Unlike most of the optical light curve distances, which marginalize over the neutron star mass, the 1FGL J0523.5-2529 optical distance assumed a neutron star mass of 1.4M . However, if the neutron star is more massive, then the optical distance could be consistent with the parallax distance, which we use. We also note a possible discrepancy for the huntsman candidate 2FGL J0846.0+2820, where the optical distance is large (8.1 ± 1.1 kpc), while the Gaia distance (4.4 +1.3 −0.8 kpc) is substantially shrunk by the distance prior. We stick with the optical distance pending a future Gaia release with a more precise parallax measurement. Jennings et al. (2018) find that the dispersion measure distances from Yao et al. (2017) appear to be more accurate than those from the Cordes & Lazio (2002) model for pulsars outside the Plane. Hence, for pulsars with no distance from optical light curve fitting, we adopt the dispersion measure distances that use the Yao et al. (2017) model, with an assumed 25% uncertainty.
We take the binary orbital period from whatever method gives the highest precision, which is typically from pulsar timing when available and from optical spectroscopy or photometry otherwise.
Of the 24 known systems, 21 have measurements of the radial velocity semi-amplitude of the secondary (K 2 ) and the systemic velocity γ. The other three systems have either very faint counterparts (PSR J1908+2105 and PSR J1957+2516) or no optical counterpart yet identified (PSR J1302-3258). Spectroscopy of the counterpart to PSR J1957+2516 will be challenging as a much brighter star is just over 1 away from the source; PSR J1908+2105 should be observable with a 8-10-m class telescope.
Orbital eccentricities are not listed in the catalog as they are small or unmeasured for nearly all systems; the candidate redback 1FGL J0523.5-2529 (Strader et al. 2014 ) and the candidate huntsman 2FGL J0846.0+2820 (Swihart et al. 2017 ) have inferred eccentricities of e = 0.040(6) and e = 0.061(17), respectively. Millisecond pulsar binaries with substantial eccentricities are noteworthy, so it would be desirable to confirm these measurements though the detection of pulsars in the future.
The mass ratios q = M c /M N S are derived directly from the pulsar and secondary velocity measurements when possible, or from the projected rotational velocity of the optical spectra if no pulsar has yet been detected.
The binary inclinations are taken from optical light curve fitting if available; else we list constraints assuming a neutron star mass range of 1.4-2.0 M . We note that the inclinations from light curve fitting typically only include statistical uncertainties; the systematic uncertainties, which are generally not quantified, can also be important.
When possible, we also list the Roche lobe filling factors inferred from optical light curves; many studies assume that the secondary fills its Roche lobe without explicitly fitting for this parameter. Only around half of the non-accreting redbacks have estimated filling factors, and many of these are merely notional. Table 7 also includes the 0.1-100 GeV γ-ray and unab-sorbed 0.5-10 keV X-ray fluxes (see also Lee et al. 2018 ). The X-ray fluxes have been homogenized to this common energy range using webPIMMS 14 by assuming a powerlaw model and the best-fit photon index Γ in the cited reference, or by using a combined thermal and powerlaw model if the X-ray study stated such a model was preferred. Finally, we also list the discovery method and the paper that first presented compelling evidence that the source was a redback. We also take the primary ID from these papers, which in most (but not all) cases is a PSR ID for confirmed redbacks and a LAT catalog ID for candidate redbacks.
Derived Properties
We take neutron star and companion mass constraints from the respective papers, or derive such if new information is available in our compilation. For some objects only lower limits can be listed.
To calculate the intrinsic spindown luminosities of the redbacks detected as pulsars, we use the standard formula:Ė = 4π 2 IṖ /P 3 , where I = (M NS /1.4M ) 10 45 g cm 2 . We correct the observedṖ for the Shklovskii effect:
, whereṖ sh is the positive contribution from the Shklovskii effect to the observedṖ , v t is the tangential velocity of the system, c is the speed of light, and d is the distance. We calculate v t using the Gaia proper motions of the binaries and our adopted distance. We use the measured neutron star masses where available or 1.78M otherwise (see §4.3.1). This gives typical spindown luminosities about 25% higher than assuming a standard 1.4M neutron star. The uncertainties in theseĖ values includes the uncertainty inṖ and M NS , but not the propagated distance uncertainty for the Shklovskii effect.
Using the final adopted distances, we also list the inferred X-ray and γ-ray luminosities next to the fluxes.
We use the proper motions, distances, and radial velocities to determine the U V W components of the Galactocentric velocity for 21 of the 24 systems. These individual components are listed in Table 7 , assuming the left-handed (U positive toward the Galactic anticenter) convention.
Conflicting Measurements
In most cases, the most accurate published values are apparent, but in other cases conflicting measurements in the literature are worthy of additional discussion.
For PSR J1023+0038, Thorstensen & Armstrong (2005) find K 2 = 268(4) km s −1 . The value from McConnell et al. (2015) is somewhat higher at K 2 = 286(3) km s −1 , and they argue the higher resolution and better phase sampling of their spectra favor this higher value. For the Roche lobe-filling light curve models of Thorstensen & Armstrong (2005) , which give an inclination of i = 44(2)
• , the implied component masses are M N S = 1.82(17)M and M c = 0.24(2)M . This neutron star mass is slightly higher than found in Deller et al. (2012) This re-emphasizes the difficulty in accurately determining inclinations for heated low-mass secondaries and the strong dependence of the inferred masses on these inclinations. For this paper we adopt i = 46(2), which is within the uncertainties of these measurements, and includes all neutron star masses from 1.4 to 2.0 M within the 2σ confidence interval.
Regarding XSS J12270-4859, de Martino et al. (2015) find the photometric constraints on its inclination to yield the range i = 45-64
• (see also Rivera Sandoval et al. 2018 ). This upper limit would yield, at least for an MSP, an implausibly low neutron star mass of 1.0M . Hence, for consistency we list the likely upper inclination in Table 7 as 55
• . PSR J2215+5135 is another system where the inclination is an essential component of the conclusions to the masses of the components. Linares et al. (2018) find both that (a) the previous radial velocities (Romani et al. 2015b) were affected by heating and thus underestimate the true center of mass motion, and (b) the inclination is more face-on than previous estimates. In combination these results produce a best-fit neutron star mass of 2.27 Sanchez & Romani (2017) , the inclination is higher and the resulting neutron star mass is 1.93(7)M , within the range of well-determined masses. These model fits should be revisited in the context of the new observational data available. For now, we list both values in Table 7 .
We emphasize that the uncertainty in Roche lobe filling factors has implications that extend beyond these cited systems. Smaller secondaries show more muted ellipsoidal variations and hence, for a given light curve, imply more edge-on inclinations and lower neutron star masses. Together with the modeling of heating, the filling factor is likely the largest source of uncertainty in determining inclinations from optical light curves. These filling factors also have implications for the optical light curve distances, since for a given light curve smaller stars must be closer. This latter point has the encouraging implication that precise Gaia parallax distances in future data releases can independently constrain the companion luminosities and hence sizes.
Masses
Neutron Star Masses
There are 10 systems with direct measurements of the neutron star mass via a combination of optical spectroscopy, optical photometry, and in some cases the projected motion of the pulsar. An additional four systems have a meaningful lower limit to the neutron mass solely based on the pulsar timing and optical spectroscopy, without any additional constraints on the inclination.
We modeled the neutron star mass distribution of the sample using a hierarchical Bayesian MCMC model. We assumed the neutron stars were drawn from a single normal distribution with a fixed mean (= median) and intrinsic σ; the model considered the uncertainties in the masses.
Considering the ten systems with actual mass measurements (not limits), we find a median mass of 1.78 ± 0.09M , with σ = 0.21 ± 0.09. If we add in the four systems with only lower limits on the primary mass, and use a reasonable upper limit of 2.3 M and a uniform inclination distribution, these values do not meaningfully change. The same goes for the inclusion of PSR J2215+5215, whose principal effect on the analysis is to slightly increase the value of σ. Antoniadis et al. (2016) used precise millisecond pulsar mass estimates to argue for a bimodal mass distribution, with a narrow peak at the canonical mass of ∼ 1.4M and a broad secondary peak at a mass of 1.81
The redback mass distribution is consistent with being drawn almost entirely from their proposed second peak of massive neutron stars.
There is strong ongoing interest in whether any neutron stars have masses larger than those of PSR J0348+0423 (2.01(4)M ; Antoniadis et al. 2013) or PSR J1614-2230 (1.93(2)M ; Fonseca et al. 2016 , Demorest et al. 2010 . The redback with the highest estimated neutron star mass in our compilation is PSR J2215+5215, with 2.27 Linares et al. 2018 ). As discussed above, this mass is dependent on the model of the heating of the low-mass companion. Of the sources with new data in this paper, the ones most worthy of further attention are the redback PSR J1048+2339, which has a minimum mass of ≥ 1.96(22)M independent of light curve modeling (though the radial velocity precision could be improved) and the candidate redback 3FGL J2039.6-5618 (2.04
There is also an extensive literature on pulsar mass measurements among black widows, of which PSR B1957+20 is perhaps the best-studied, with an inferred mass of 2.40(12)M (van Kerkwijk et al. 2011) .
Since all the masses significantly above 2M rely on modeling the complex heating of low-mass stars, it cannot yet be claimed that there is compelling evidence for neutron stars with masses significantly above 2M . A fair statement is that current observations are consistent with, but do not demand, the existence of such massive neutron stars.
Redback neutron star mass measurements typically depend on binary inclinations derived from optical light curve fitting. Some of these systems, especially those with substantial heating of the companion, are affected by additional systematic uncertainties associated with this light curve fitting. This challenge is reflected in the discussion of conflicting measurements above. Despite this caveat, it is worth emphasizing that heating is usually much less important for modeling redbacks than for the less massive black widows. In addition, edge-on systems can offer useful mass constraints independent of of light curve modeling.
The redback component masses, both neutron star and secondary, are plotted in Figure 9 .
Companion Star Masses
Modeling the measured companion masses in the same manner, we find a median mass of M c = 0.39 ± 0.05M , with σ = 0.12 ± 0.05. If we also include the companion mass lower limits (and the same neutron star upper mass limit of 2.3 M as above), these values are M c = 0.36 ± 0.05M (σ = 0.16 ± 0.43). These measurements help to refine the parameters of the redback classification. At the low end, PSR J1622-0315 has a companion in the likely mass range 0.10-0.14M , and if PSR J1908+2105 (discussed above) is indeed a redback then it may have a comparably low mass. At the other end of the companion mass scale, among the confirmed redbacks, PSR J1306-40 has a minimum companion mass of ≥ 0.49(8)M , and PSR J2129-0429 has a companion with a similar mass of 0.44(4)M . The candidate redbacks 3FGL J0212.1+5320 and 3FGL J2039.6-5618 are both close to 0.5M (with large uncertainties), and the sub-luminous accreting system 3FGL J0427.9-6704 has a precise companion mass of 0.65(8)M , wellmeasured because of the eclipses. 1FGL J0523.5-2529 has a high q inferred from optical spectroscopy, which implies a minimum companion mass of ≥ 0.85(8)M ; this unusual system also has a measured eccentricity of e = 0.040(6) (Strader et al. 2014) . The detection of a pulsar in this system would allow a more direct measurement of these extreme inferred parameters and should be a high priority. In any case, the companion masses in redbacks certainly reach 0.5-0.6M and likely even larger values.
Mass Ratios
The mass ratios are determined independently, and typically with better uncertainties, than the individual neutron star or companion star masses. 17 of the systems have measurements of the mass ratio q. For the the 12 redbacks with direct mass ratio measurements from the projected motion of the neutron star and its companion, the median mass ratio is q = 0.16, with a range of 0.07 to 0.29. It is notable that among the candidate redbacks in which no pulsar has yet been detected, the mass ratios (inferred from high-resolution optical spectroscopy to determine the projected rotational velocity) are all larger than typical for confirmed redbacks: q 0.26(3) (3FGL J0212.1+5320; Linares et al. 2017) ; q = 0.61(6) (1FGL J0523.5-2529; Strader et al. 2014) ; and q = 0.40(4) for the huntsman candidate 2FGL J0846.0+2820 (Swihart et al. 2017 ). The mass ratio inferred for the eclipsing low-mass X-ray binary 3FGL J0427.9-6704 is also relatively large at q = 0.35(3). In this system the precision is high and systematics minimized owing to the direct detection of both emission and absorption lines from the accretion disk itself (Strader et al. 2016) .
There is no evidence that these high mass ratios among candidate redbacks are due to systematic errors in the optical-only mass ratios: for example, Strader et al. (2015) found q = 0.18(1) for 1FGL J1417.7-4407, while the value from K 2 and radio timing is more precise but entirely consistent: q = 0.171(2) ). Instead, it is possible that a bias is present, such that the redbacks with more massive companions (and hence with larger mass ratios) are even harder to detect than typical redbacks. Since the angular size of a near-Roche lobe filling companion as seen from the pulsar increases monotonically with q, systems with larger mass ratios could be expected to intercept a higher fraction of the high-energy emission from the pulsar and/or shock, leading to more extensive eclipses. In reality, the situation is likely to be more complicated. High-energy emission from an intrabinary shock could originate closer to the secondary, and its location will vary depending on the properties of the pulsar wind and the magnetic field and stellar wind of the secondary (e.g., Roberts et al. 2014; Romani & Sanchez 2016 ). Additional radio timing searches of the candidate redbacks are highly worthwhile.
Kinematics
Unlike for young pulsars, whose velocities can reflect natal kicks, the bulk velocities of the redbacks should primarily reflect the evolution of these systems in the Galactic potential over long timescales rather than the birth velocity (e.g., Gonzalez et al. 2011; Matthews et al. 2016) .
The median three-dimensional Galactocentric velocity is 127 km s −1 (with a corresponding one-dimensional velocity of 73 km s −1 ). These values are generally consistent with those of typical millisecond pulsar binaries (e.g., Gonzalez et al. 2011) . Using the scaled median absolute deviation to reduce sensitivity to outliers, we find an equivalent σ U = 85 km s −1 , σ V = 51 km s −1 , and σ W = 43 km s −1 . The most extreme individual velocity is that of the candidate transitional millsecond pulsar 3FGL J1544.6-1125, with a three-dimensional velocity of 453 km s −1 . Figure 10 shows the orbital period vs. companion mass for millisecond pulsars with known companions (see also Roberts 2013) .
Orbital Periods and Evolution
It is well-established that most field millisecond pulsars are fully recycled, such that accretion has permanently ended, and have low-mass He white dwarf companions (Tauris & van den Heuvel 2006) . Figure 10 shows that the relationship between orbital period and white dwarf mass for these systems are well-described by standard binary evolution models (Tauris & Savonije 1999) . Black widows and redbacks deviate from these model predictions, likely due to feedback from the neutron star during the accretion process and/or from a pulsar wind/shock once accretion has ceased (e.g., Chen et al. 2013; Benvenuto et al. 2014) . The existence of the transitional millisecond pulsar subclass of redbacks shows that this feedback process can be cyclical. Chen et al. (2013) argue that the distinction between redbacks and black widows is the efficiency of the irradiation, possibly due to beaming, and argue that the evolution of redbacks "stalls" at masses > 0.1M , such that they do not evolve into black widows. By contrast, Benvenuto et al. (2014) suggest that short period redbacks (those with orbital periods < 0.25 d) will indeed evolve into black widows. Present observations do not clearly distinguish between these possibilities. However, we note that even with the ongoing discovery of new systems, the companion mass distribution of black widows and redbacks is still strongly bimodal (Figure 10) . Hence, a model that posits that redbacks typically evolve into black widows must explain, either through speed of evolution or selection effects, why companion masses of ∼ 0.05-0.1M seem to be so rare.
It is worth emphasizing that redbacks themselves are not especially rare. They appear to be approximately as common as black widow systems, and depending on whether candidate redbacks are included, make up ∼ 12-21% of fully recycled binary millisecond pulsars for which the identity of the companion is known in the ATNF pulsar database (Manchester et al. 2005 ).
Figure 10 also shows the large gap between normal redbacks and the huntsman-type systems 1FGL J1417.7-4407 (Strader et al. 2015; Camilo et al. 2016 ) and 2FGL J0846.0+2820 (Swihart et al. 2017 ). 1FGL J1417.7-4407 appears to be in the late stages of the recycling process that will lead to a normal He white dwarf-millisecond pulsar binary, while (if it does indeed contain a pulsar) 2FGL J0846.0+2820 is rather earlier on in the process.
From Figure 10 it is also apparent that there is no difference in the distribution of orbital periods between the confirmed redbacks and candidate redbacks. As discussed above, the candidate systems may have more massive companions, perhaps due to a selection effect on the detection of a radio pulsar in redbacks with more massive companions.
High-energy Emission
In Figure 11 we plot the pulsar spindown powerĖ against the 0.1-100 GeV γ-ray luminosity for the 10 redbacks with appropriate data to calculate these quantities. As discussed above, in all cases theĖ value is corrected for the Shklovskii effect and uses the actual mass of the neutron star rather than assuming 1.4M . The median efficiency η = L γ /Ė is ∼ 10%, and considering the uncertainties, most of the redbacks plotted are consistent with this efficiency with a modest dispersion.
Consistent with previous work on larger samples of millisecond pulsars (e.g., Abdo et al. 2013) , there is no clear correlation between X-ray and γ-ray flux for redbacks. In addition, there is no difference between the X-ray and γ-ray luminosity distributions of confirmed and candidate Figure 10 . Orbital period vs. companion mass for recycled field millisecond pulsars with known companion star types. Most millisecond pulsars have He white dwarfs (open blue circles) from binary evolution, well-represented by models from Tauris & Savonije (1999) . These models (black line) assume solar metallicity and an initial secondary mass of 1.0M , and denote the endpoints of an ensemble of systems with varying initial period, not the evolution of a single binary. The CO white dwarfs (filled cyan circles) likely began as close binaries that experienced common-envelope evolution. The field redbacks (filled red squares), candidate redbacks (open red diamonds), and black widows (open black squares) are visible at short orbital period, and it is clear that most of these systems will not have normal field millisecond pulsars as their progeny. The exceptions are the "huntsman"-type systems 1FGL J1417.7-4407 (Strader et al. 2015; Camilo et al. 2016 ) and 2FGL J0846.0+2820 (Swihart et al. 2017) , which have red giant secondaries. Except for the redbacks with more precise measurements or constraints, the companion masses are "median" masses that assumed a 1.35M neutron star and an inclination of 60
• , and only recycled systems with spin period < 8 msec are plotted. The unusual pulsar binaries PSR J1903+0327 (Champion et al. 2008 ) and PSR J1640+2224 (Vigeland et al. 2018 ) are plotted as the magenta cross and orange star, respectively. Figure inspired by Roberts (2013) , primarily using data from the ATNF Pulsar Catalogue v.1.59 (Manchester et al. 2005) . Figure 11 . γ-ray luminosity vs spindown power for redback pulsars. The median efficiency η of spindown energy conversion to γ-rays is 10% with some scatter around this value. The high point with the large uncertainty in its Lγ is PSR J1816+4510. PSR J1023+0038 and XSS J12270-4859 are plotted in the pulsar state; in the disk state their Lγ is higher by factors of ∼ 6 and 2.3, respectively. Unlike the entries in Table 7 , the plotted Lγ values here include the uncertainties in the distance.
redbacks.
Conclusions and Future Work
Optical spectroscopy has now been obtained for the companions of nearly all confirmed or candidate redback millisecond pulsars. We have used these data to show that the neutron stars in redbacks are typically more massive than the canonical value of 1.4M , with a median mass of 1.78 ± 0.09M with a dispersion of σ = 0.21 ± 0.09. Several redbacks contain neutron stars whose masses may well be in excess of 2M . Most companion stars have masses in the typically quoted range of 0.1-0.5 M , but there is mounting evidence for a subset of redbacks with more massive secondaries, in the range
It is worth considering how complete current surveys for redbacks are. The median distance of confirmed redbacks is 1.8 kpc, and when excluding the huntsman systems only a few redbacks or candidates have distances > 3 kpc. In addition, new candidates with distances of 1-2 kpc have been discovered in just the last 2 years. Hence it is safe to conclude that the redback census is highly incomplete beyond 2 kpc, and X-ray, optical, and radio follow-up of existing and new Fermi -LAT sources (from the forthcoming 4FGL catalog) will continue to yield a substantial return. The huntsman systems, with their evolved counterparts, have been discovered at larger distances and may indeed be truly uncommon.
Forthcoming Gaia data releases should provide accurate parallax distances for many redbacks. This will enable the systematic improvement of optical light curve measurements of orbital inclinations, resulting in more precise neutron star masses.
Important open questions about redbacks remain, such as the relationship between redbacks and black widows, and whether all redbacks show transitional behavior. The abundance of redbacks and the wealth of information now available on their masses, orbital periods, kinematics, and other properties suggests the timing is propitious to tackle these essential questions through renewed observational and theoretical work.
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